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Abstract
Many unsuitable soils for construction purposes can be made suitable by using unconventional soil stabilizers. This
study investigates the effects of banana fibre-reinforcement of a soil stabilized with sodium silicate on the geotech-
nical properties of the composite. It involved the application of 1% sodium silicate with varying proportion (0.1, 0.2,
0.3, 0.4 and 0.5%) of banana fibre to a gravelly sand. Index properties, unconfined compression, direct shear, split-
tensile and California bearing ratio (CBR) tests were determined for the stabilized soil and the reinforced soil
samples. The results show that the plasticity index, unconfined compressive strength (UCS), shear strength, split-
tensile strength and CBR of the specimens stabilized with sodium silicate increased with increasing percentage of
banana fibre content. The application of 0.5% banana fibre strengthened the soil - the UCS increased by 445%,
shear strength by 80%, split tensile strength by 194% and the soaked CBR increased by 1083%. The banana fibre-
reinforcement of the sodium silicate stabilized sandy soils made the stabilized soil become suitable for road pavement
application as sub-base material.
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1 Introduction
Soils that would have been discarded some past decades ago
because of their poor engineering properties, while selecting
suitable materials for construction, have become soils that
construction engineers can no longer ignore. This is because
suitable soils for construction are getting depleted [1–3].
Stabilization of soils using additives has been a popular meth-
od of improving their engineering properties to make them
suitable for use as constructionmaterials. Some stabilizers that
have been investigated in the past include: cement, lime,
ecosand [4], precipitated silica [5], cactus mucilage [6], fly
ash [7], waste marble fines [8], bottom ash [9], corncob ash
[10], rice husk ash [11], steel slag [12], groundnut shell ash
[13], reclaimed asphalt pavement [14] and calcium carbide
residue [15].
This research work investigates the suitability of using the
combination of sodium silicate and banana fibres to stabilize a
soil. Banana fibre, which is a natural fibre, is usually obtained
from the waste produced from the banana plantation. Sodium
silicate is a liquefied material obtained from heating sand with
an excess amount of alkali, it is also obtained by blending
sodium carbonate with silicon dioxide with the evolution of
carbon dioxide gas. This former reaction produces a white
powder of sodium silicate which then mixed with water
to form an alkaline solution. This alkaline solution is
then heated or melted to form a gelatinous fluid.
Sodium silicate is also known as water glass or liquid
glass for its appearance. Its use includes as adhesives,
drilling fluids, concrete and masonry treatment, fire pro-
tection and refractory. Kazemian et al. [16] explored the
combined use of cement and sodium silicate to stabilize
an organic soil and found it suitable for strengthening
the soil and reducing its moisture content. Vakili et al.
[17] found that the inclusion of slag and sodium silicate
significantly improved the strength of a cemented soil.
Consequently, this study explores the use of sodium
silicate and banana fibres for soil stabilization.
* Isaac Ibukun Akinwumi
isaac.akinwumi@covenantuniversity.edu.ng
1 SR Engineering College, Warangal, Telangana, India
2 Department of Civil Engineering, Covenant University, Ota, Ogun
State, Nigeria
3 Jay Shriram Group of Institutions, Tirupur, Tamilnadu, India
Silicon
https://doi.org/10.1007/s12633-019-00124-6
2 Materials and Methods
2.1 Materials
A gravelly sand was the soil used to explore the effects of the
banana fibre reinforcement of the sodium silicate stabilized
soil. The soil was collected 15 cm beneath the ground surface.
The soil is inorganic. Figure 1 presents the image of the soil as
seen using a scanning electron microscope (SEM). The SEM
micrograph shows that the soil contains many large particles
that fall within the range of sizes for sand.
Sodium silicate is available both in powder and liquid
forms. This study used the liquid form of sodium silicate,
which was procured, locally, from a chemical store. Sodium
silicate was obtained in plastic containers and stored at room
temperature. Its Fourier-transform infrared spectroscopy
(FTIR) data is presented in Fig. 2. The spectrum of the sodium
silicate has two parts – there is the sharply distinct peak ab-
sorption that ranges from 750 to 1200 cm−1 and the other part
consists of vibrations within the range of 1200 to 4000 cm−1.
The vibrations of the main silicate group is responsible for the
first part of the spectrum, while the “vibrations due to water,
hydroxyl, SiOH or similar groups” are responsible for the
second part [18]. Sodium silicate was mixed initially in re-
quired quantity with the water for mixing the soil.
Banana fibre (Musa acuminate) is usually obtained from
banana stem after the fruit had been harvested. The banana
fibres used in this study were obtained from a local manufac-
turer, who sell banana fibre for use such as for fibre reinforce-
ment and in the textile industry. It was of 5 m length. The
fibres were obtained in dry condition with near zero moisture
content. The fibres were, however, dried again in sunlight and
stored in plastic containers before usage.
The fibre obtained falls in the bast fibres group. In produc-
ing quality textile, some people rely on banana fibres. It is a
natural fibre containing cellulose, hemicellulose and lignin. It
is light in weight, has smaller elongation and has no known
adverse effect on the environment. It is, thus, an eco-friendly
fibre.
2.2 Methods
This study involved the use of 1% sodium silicate to stabilize
the gravelly sand and this serves as the control. The banana
fibre was used to reinforce the stabilized soil in varying pro-
portions of 0.1, 0.2, 0.3, 0.4 and 0.5% of short discrete banana
fibres (of about 2 cm), which were distributed randomly
Fig. 1 The SEM micrograph of the soil
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Fig. 2 FTIR of sodium silicate
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within the soil. The proportions of the banana fibres were done
by weight of the soil.
Sieve analysis, specific gravity, compaction characteristics,
Atterberg limits, unconfined compressive strength (UCS), di-
rect shear, California Bearing Ratio (CBR) and split-tensile
tests constitute the geotechnical properties of the control soil
that were investigated. The compaction characteristics,
Atterberg limits, unconfined compressive strength (UCS), di-
rect shear, California Bearing Ratio (CBR) and split-tensile
tests were also determined for the banana fibre reinforced soil.
The specific gravity, compaction characteristics, Atterberg’s
limits, UCS, direct shear, CBR and split-tensile tests were
determined according to the Bureau of Indian Standards
(BIS) [19–24].
3 Results and Discussion
The geotechnical properties of the control soil are summarized
in Table 1. The soil is inorganic and has low plasticity. The soil
is a gravelly sand. About 67% of the particles of the soil passes
through the British Standard (BS) sieve number 4 (with the
opening of 4.75 mm), hence it has a large percentage of sand
as shown from Fig. 3. Based on the American Association of
State Highway and Transportation Officials (AASHTO) sys-
tem, the soil can be classified as A-1-b, while it is classified as
SW (well-graded sand with gravel) based on Unified Soil
Classification system. Both classification system confirms
the soil as being predominantly composed of sand. The soil
possesses a natural moisture content of 11%.
After a series of specific gravity tests, the average specific
gravity of the soil sample is 2.68 (Table 1). The specific grav-
ity of a soil is useful while determining the grain-size distri-
bution in hydrometer analysis and computing the soil’s void
ratio. The soil is considered as having a fair distribution of
almost all particle sizes. Consequently, it is described as being
well-graded.
The optimum moisture content (OMC) and maximum dry
unit weight (MDUW) were determined from the results of the
compaction tests. Figure 4 shows how the OMC and MDUW
vary with the content of banana fibre in the sodium silicate
stabilized soil. From Fig. 4, it was observed that MDUW re-
duced with increasing content of banana fibre with an MDUW
of 21.8 kN/m3 at 0% banana fibre content and 20.5 kN/m3 at
0.5% banana fibre content, respectively. The specific gravity of
banana fibre typically ranges from 1.3 to 1.35 [25, 26]. The
reduction in MDUW is attributable to the lighter weight of the
banana fibre compared with the weight of the soil.
The OMC increased with increasing banana fibre content
as shown in Fig. 4 with a value of 11.0% at 0% banana fibre
content and 12.2% at 0.5% banana fibre content, respectively.
The increase in OMC is attributable to the absorption of water
by the banana fibre, which resulted in more water being need-
ed for the stabilized soil to attain its MDUW.
Similar trends of reduction in MDUW and increase in
OMC were observed by Mirzababaei et al. [27], who reported
the effects of reinforcing a clay soil using fibres from carpet
waste.
Figure 5 presents how the liquid limit, plastic limit and
plasticity index vary with the banana fibre content.
Table 1 Geotechnical properties
of the control soil Characteristics Properties Results Standards
Physical Specific Gravity 2.68 BIS [24]
Liquid Limit 21% BIS [22]
Plastic limit 18% BIS [22]
Plasticity Index 3% BIS [22]
Maximum Dry Unit Weight 21.8 kN/m3 BIS [21]
Optimum Moisture Content 11% BIS [21]
Mechanical Unconfined Compressive Strength 0.33 MPa BIS [19]
CBR (Soaked) 2.645% BIS [20]
Direct Shear 0.1 MPa BIS [23]
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Fig. 3 Particle size distribution of the soil
Silicon
The increase in the percentage of the banana fibre content
generally resulted in the increase in the liquid and plastic limits
and plasticity index of the reinforced soil. These imply that as
the banana fibre content of the soil increased, the water contents
when the reinforced soil changes from behaving like a semisol-
id material to behaving like a plastic material and from behav-
ing like a plastic material to behaving like a liquid increased.
Figure 6 presents a graph of the UCS of the reinforced soil
varying as its banana fibre content changes.
Figure 6 shows that the progressive increment in the ba-
nana fibre content led to an increase in the UCS of the control
soil. The UCS of the control soil increased by 445% after the
application of 0.5% banana fibre content. The strength in-
crease of the reinforced soil is attributable to the increased
ductile behaviour of the reinforced specimen as a result of
the shear transfer from the soil to the banana fibres (acting
like a “skeleton”) embedded within the soil.
Figure 7 presents how the shear strength of the control soil
varies with its banana fibre content.
From Fig. 7, it was observed that the shear strength of the
untreated soil increased with increasing banana fibre content up
to 0.4% addition. After adding 0.4% banana fibre to the control
sample, the shear strength of the reinforced soil sample in-
creased by 90%. The optimal banana content based on the
shear strength as obtained from the direct shear test was found
to be 0.4%. Surprisingly in contrast with the results of the UCS,
the reinforcement of the soil with 0.5% banana fibre content
resulted in a reduction of its shear strength. The increase in the
shear strength of the soil with banana fibre content may be
attributed to the banana fibre keeping the loose particles of
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Fig. 4 Variation of compaction
characteristics of the soil with
banana fibre content
0.0 0.1 0.2 0.3 0.4 0.5
0
5
10
15
20
25
30
A
tt
e
r
b
e
r
g
 L
im
it
s
 (
%
)
Banana fiber content (%)
Liquid Limit
Plastic limit
Plasticity index
Fig. 5 Atterberg limits of the control soil varying with banana fibre content
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Fig. 6 Variation of the UCS of the soil with banana fibre content
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the soil together and thereby making the composites produce
greater inhibition to shear failure. Shukla [25] stated that the
fibre reinforcement of sand influences the results of the direct
shear test on the reinforced sand as against the unreinforced
sand by increasing its peak shear strength and limiting the
magnitude of the reduction in its post-peak shear resistance.
Figure 8 presents how the split-tensile strength of the soil
varies with banana fibre content. The split-tensile strength of
the soil and stabilized soil were found to be generally low.
The split-tensile strength of the reinforced soil samples
increased with increasing banana fibre content. The reinforced
soil with 0.5% banana fibre content had its split-tensile
strength increased by 194%, over the split-tensile strength of
the control soil. The increase in the split-tensile strength of the
reinforced soil samples was as a result of the increased crack
resistance provided by the banana fibre [28].
Figure 9 presents how the soaked CBR of the control soil
varies with its banana fibre content.
The soaked CBR of the reinforced soil specimens increased
with increasing banana fibre contents. For the specimen hav-
ing 0.5% banana fibre content, its soaked CBR increased by
1083%, compared with the CBR of the control specimen.
Tingle et al. [29] reported a similar trend in CBR values after
stabilizing sand with geofibers. The increased load-bearing
capacity of the banana fibre-reinforced soil is attributable to
the friction that developed at the fibre-soil particles interface,
which resists the rearrangement of soil particles after being
loaded [29].
Figure 10 summarily presents the comparison be-
tween the strength properties for the control soil speci-
men and the 0.5% banana fibre-reinforced soil speci-
men. The general increment in the strength properties
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Fig. 8 The split-tensile strength of the soil varies with its banana fibre
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Fig. 9 Variation of soaked CBR of the soil with banana fibre content
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of the banana fibre-reinforced soil was as a result of the
development of interfacial shear resistance at the fibre-
soil interface [25]. The sand particles, which are pre-
dominant in the gravelly sand, will normally tend to
rotate at the fibre-soil interface but the stabilization of
the soil with sodium silicate introduced a bonding force
between the soil particles, thereby limiting such rotation
[25].
The largest percentage increase in the strength properties of
the reinforced soil was experienced for the CBR. This
suggests the suitability of the reinforced soil for use as
road pavement material. Based on Overseas Road Note
31 of the Transport Research Laboratory [30], the
soaked CBR value of the stabilized soil which suggests
its recommendation for use as subgrade materials be-
came improved by the reinforcement of the stabilized
soil with 0.5% banana fibre, such that it satisfied re-
quirements for use as a sub-base material.
4 Conclusions
This study provided experimental insights on the effects
of reinforcing a sodium silicate stabilized soil with ba-
nana fibre have on the geotechnical properties of the
sodium silicate stabilized soil. The results obtained
show that as the banana fibre increased, there was an
increase in each of the plasticity index, OMC, UCS,
shear strength, split-tensile strength and CBR of the
reinforced soil, while its MDUW decreased. An in-
creased plasticity index would normally mean that the
reinforced soil became less workable but because the
soil is a gravelly sand with the plasticity property only
characterizing a fraction of the soil, which is small (less
than 10% of the soil particles), the effect of the plastic-
ity index will not significantly affect the behaviour of
the soil. The decrease in MDUW is a resultant of the
banana fibre being lighter in weight compared with the
soil. The increased UCS, shear strength, split-tensile
strength and soaked CBR of the reinforced soil imply
that the strength properties of the reinforced soil im-
proved. The UCS increased by 445%, shear strength
by 80%, split tensile strength by 194% and the CBR
increased by 1083%, after the application of 0.5% ba-
nana fibre to the 1% sodium silicate stabilized soil.
Banana fibre (instead of being disposed-off) is rec-
ommended for reinforcing loose soils. The combined
use of sodium silicate and banana fibre-reinforcement
as stabilizers of sandy soils, such as the gravelly sand
investigated in this study, to improve its strength and
subgrade quality for use as road pavement layer materi-
al is recommended.
References
1. Akinwumi II, Booth CA, Diwa D, Mills P (2016) Cement
stabilisation of crude-oil-contaminated soil. Proc Inst Civ
Eng – Geotech Eng 169:336–345. https://doi.org/10.1680/
jgeen.15.00108
2. Ganapathy GP, Gobinath R, Akinwumi II, Kovendiran S,
Thangaraj M, Lokesh N, Anas SM, Arul R, Yogeswaran P,
Hema S (2017) Bio-enzymatic stabilization of a soil having
poor engineering properties. Int J Civ Eng 15:401–409.
https://doi.org/10.1007/s40999-016-0056-8
3. Gobinath R, Ganapathy GP, Akinwumi II (2015) Evaluating the use
of lemon grass roots for the reinforcement of a landslideaffected soil
from Nilgris district, Tamil Nadu, India. J Mater Environ Sci 6:
2681–2687
4. Ashwin KRN, Arun M, Sasikumar S, Krishnaraj T, Mithuna R,
Gobinath R, Akinwumi II (2017) Freeze-thaw resistance of an al-
luvial soil stabilized with ecosand and asbestos-free fiber powder.
Int J Geomatics Geosci 7:352–357
5. Gobinath R, Ganapathy GP, Akinwumi II, Kovendiran S, Hema S,
Thangaraj M (2016) Plasticity, strength, permeability and
compressibility characteristics of black cotton soil stabilized
with precipitated silica. J Cent South Univ 23:2688–2694.
https://doi.org/10.1007/s11771-016-3330-7
6. Akinwumi II, Ukegbu I (2015) Soil modification by addi-
tion of cactus mucilage. Geomech Eng 8(2015):649–661.
https://doi.org/10.12989/gae.2015.8.5.649
7. Cokca E (2001) Use of class C fly ashes for the stabilization of an
expansive soil. J Geotech Geoenviron Eng 127:568–573
8. Akinwumi II, Booth CA (2015) Experimental insights of using
waste marble fines to modify the geotechnical properties of a later-
itic soil. J Environ Eng Landsc Manag 23:121–128
9. Punthutaecha K, Puppala AJ, Vanapalli SK, Inyang H (2006)
Volume change behaviours of expansive soils stabilized with
recycled ashes and fibers. J Mater Civ Eng 18:295–306
10. Akinwumi II, Aidomojie OI (2015) Effect of corncob ash on the
geotechnical properties of lateritic soil stabilized with Portland ce-
ment. Int J Geomatics Geosci 5:375–392
11. Aziz M, Saleem M, Irfan M (2015) Engineering behaviour of ex-
pansive soils treated with rice husk ash. Geomech Eng 8:173–186
12. Akinwumi I (2014) Soil modification by the application of steel
slag. Period Polytech Civ Eng 58:371–377. https://doi.org/10.
3311/PPci.7239
13. Oriola F, Moses G (2010) Groundnut Shell ash stabilization of
black cotton soil. Electron J Geotech Eng 15:415–428
14. Akinwumi II (2014) Plasticity, strength and permeability of
reclaimed asphalt pavement and lateritic soil blends. Int J Sci Eng
Res 5:631–636
15. Horpibulsuk S, Kampala A, Phetchuay C, Udomchai A, Arulrajah
A (2015) Calcium carbide residue - a cementing agent for sustain-
able soil stabilization. Geotech Eng J SEAGS AGSSEA 46:22–27
16. Kazemian S, Prasad A, Huat BBK, Ghiasi V, Ghareh S (2012)
Effects of cement-sodium silicate system grout on tropical organic
soils. Arab J Sci Eng 37:2137–2148. https://doi.org/10.1007/
s13369-012-0315-1
17. Vakili MV, Chegenizadeh A, Nikraz H, Keramatikerman M (2016)
Investigation on shear strength of stabilised clay using cement,
sodium silicate and slag. Appl Clay Sci 124–125:243–251.
https://doi.org/10.1016/j.clay.2016.02.019
18. Bobrowski A, Stypula B, Hutera B, Kmita A, Drozynski D,
Starowicz M (2012) Ftir spectroscopy of water glass - the binder
moulding modified by Zno nanoparticles. Metalurgija 51:477–480
19. BIS (1973) Methods of test for soils: determination of un-
confined compressive strength, in: IS 2720 part 10. Bur.
Indian Stand., New Delhi.
Silicon
20. BIS (1979) Methods of test for soils: laboratory determination of
CBR, in: IS 2720 part 16. Bur. Indian stand., New Delhi.
21. BIS (1980) Methods of test for soils: determination of water
content-dry density relation using light compaction, in: IS 2720 part
7. Bur. Indian Stand., New Delhi
22. BIS (1985) Methods of test for soils: determination of liquid
limit and plastic limit, in: IS 2720 part 5. Bur. Indian Stand.,
New Delhi.
23. BIS (1986) Methods of test for soils: determination of consolida-
tion, in: IS 2720 part 15. Bur. Indian stand., New Delhi.
24. BIS (1980) Methods of test for soils: determination of specific
gravity, in: IS 2720 part 3. Bur. Indian Stand., New Delhi
25. Shukla SK (2017) Fundamentals of fibre-reinforced soil en-
gineering, developments in geotechnical engineering.
Springer Nature Singapore Pte Ltd. https://doi.org/10.1007/
978-981-10-3063-5_2
26. Indira KN, Parameswaranpillai J, Thomas S (2013)Mechanical prop-
erties and failure topography of banana fiber PF macrocomposites
fabricated by RTM and CM techniques. ISRN Polym Sci 8:1–8.
https://doi.org/10.1155/2013/936048
27. Mirzababaei M, Miraftab M, Mohamed M, McMahon P (2013)
Unconfined compression strength of reinforced clays with
carpet waste fibers. J Geotech Geoenviron Eng 139:483–
493. https://doi.org/10.1061/(ASCE)GT.1943-5606.0000792
28. Li J, Tang C, Wang D, Pei X, Shi B (2014) Effect of discrete fibre
reinforcement on soil tensile strength. J RockMech Geotech Eng 6:
133–137. https://doi.org/10.1016/j.jrmge.2014.01.003
29. Tingle JS, Santoni RL, Webster SL (2002) Full-scale field tests of
discrete fiber-reinforced sand. J Transp Eng 128:9–16. https://doi.
org/10.1061/(ASCE)0733-947X(2002)128:1(9).
30. Transport Research Laboratory (1993) Overseas road note 31: A
guide to the structural design of bitumen-surfaced roads in tropical
and sub-tropical countries, Berkshire.
Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.
Silicon
